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1. Introduction 
The broad scope of isotopic applications of bone collagen ranges from modern ecological 
and physiological investigations to learning about living conditions of animals in the past 
(Ambrose & DeNiro, 1989; Chisholm et al., 1982; DeNiro & Epstein 1978, 1981; DeNiro & 
Weiner, 1988; Hare et al., 1991; Hedges & Law, 1989; Leyden et al., 2006; Lis et al., 2008; 
Reynard & Hedges, 2008). Bone collagen represents one of the best preserved proteins in 
fossilized animal remains that in some cases has been chemically preserved for up to 120,000 
years (Bocherens et al., 1999). Collagen is protected from degradation by being encapsulated 
into the bone mineral bioapatite. In comparison to other biopolymers found in the 
archaeological record, bone collagen is relatively abundant, easily extracted, and offers a 
long-term record of the life of humans and animals (Collins et al., 2002). Stable isotope ratios 
in the living biomass directly relate to the stable isotope ratios of life-supporting substrates 
in the environment. Animals integrate stable isotopes into their biomass through the air we 
breathe, water we drink and food we eat. Despite the apparent permanence of mineral 
constituents of bone, the organic components undergo constant turnover through the life of 
a vertebrate and its collagen content represents a ‘running average’ of months, years, or a 
lifetime, depending on the specific bone and the animal. Bone collagen thus offers a valuable 
insight into the environmental conditions during part of or the entire life of an animal (Lee-
Thorp, 2008; Tuross et al., 2008). Carbon and nitrogen stable isotopes of bone collagen have 
been in broad use in determining diets, paleodiets, trophic levels, and paleoenvironments 
associated with modern and fossilized bone samples (Ambrose & DeNiro 1989; Chisholm et 
al., 1982; Hare et al., 1991; Schwarcz, 2000; Walker & DeNiro, 1986; Walter & Leslie, 2009), 
while other isotopes are only recently finding useful applications. Hydrogen is unique 
among all elements in terms of the doubling of the atomic mass from the light hydrogen 
nuclide protium 1H to the less abundant, but heavier nuclide deuterium 2H (or traditionally 
also abbreviated as D). This large mass difference between the two stable hydrogen isotopes 
creates strong fractionation effects (i.e. the preferential use or participation of one of the two 
isotopes in chemical and physical processes) and generates an extremely wide natural 
isotopic range of hydrogen stable isotope ratios (Sessions et al., 1999). Available hydrogen 
stable isotope data from bone collagen suggest greater variability than the most of the earlier 
studies had presumed, a situation that would compromise the diagnostic value of 
individual forensic collagen δD values for many species. 
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2. Structure, chemistry and preservation potential of bone collagen 
Bone represents a complex system composed of 70% mineral and 30% organic material by 
weight when dried, and about 90% of the organics are collagen, a fibrous, high-tensile-
strength protein functioning as a supportive framework (Hedges et al., 2006) and effectively 
playing the role of strands of steel in reinforced concrete. Remaining organic material in live 
bone reflects cells, lipids and other proteins (Price et al. 1985). Although the metabolic rates 
of bone tissues are low relative to those of the musculature, digestive, or dermal tissues, 
exchange of metabolites does occur and bone cells are constantly created and reabsorbed. 
The mineral phase of bone (bioapatite) protects collagen and other bone proteins from rapid 
post-mortem decomposition by physically shielding them from the external environment, 
especially from microbial access. The encapsulation of bone collagen by mineral crystallites 
is termed ‘mineral stabilization” (Collins et al., 2002). In fact, the entire bone may be 
considered to be a mineralized collagen (Collins et al., 2002). 
Collagens are the most common proteins in the matrix of connective tissues such as bone, 
cartilage, and dentine (Fig. 1) and form a group of over 20 fibrillar and microfibrillar 
proteinaceous macromolecules that share a triple helix structure that gives them great 
tensile strength (Gelse et al., 2003). Three collagen helices are coiled into a super helix in the 
collagen molecule (Price et al., 1985). Collagen found in bone is so-called type I collagen 
(Gelse et al., 2003) and can also be found in skin, tendons and other tissues, which makes it 
the most abundant of approximately 20 collagen species. The three helices in bone are α1 
and α2 chains. Two identical α1 chains and one α2 chain form a highly organized 
superstructure, in which the fibrils are tightly packed in parallel orientation to yield a tissue 
with excellent tensile strength, pressure resistance and torsional stiffness (Gelse et al., 2003). 
A typical sequential order of amino acids is (Gly-X-Y)n where Gly stands for glycine, the 
most frequent amino acid in collagen, and X and Y are other amino acids, most commonly  
 
 
Fig. 1. Triple helix structure of Type I collagen from Rattus norvegicus. Three helical collagen 
proteins are intertwined. Color coding in the triple helix shows the charge of individual 
residues, positive in blue, negative in red, and neutral in grey (produced from data in 
GenBank, MMDB ID: 38933). The positions of exchangeable and non-exchangeable 
hydrogen atoms in 4 linked amino acids are simplistically depicted in the lower insert. 
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proline and hydroxyproline (Eyre, 1980). The Gly-X-Y triplets in this type of collagen repeat 
to about 300 times forming chains of approximately 1000 amino acid monomers (Gelse et al., 
2003). Glycine is the smallest amino acid having one carbon-linked hydrogen atom in place 
where other amino acids carry a side chain. Proline, the second most common amino acid in 
collagen, has a cyclical structure that enables coiling of the helices (Balzer et al., 1997). 
Collagen also contains two amino acids uncommonly found elsewhere – hydroxyproline 
and hydroxylysine. The two do not occur freely outside collagen, but are derived from 
hydroxylation of proline and lysine already integrated into the collagen chain (Epstein, 
1970). Hydroxyproline is responsible for linking the three α-helices with hydrogen bonds, 
and hydrolysine forms covalent bonds in the cross-linking of monomers (Balzer et al., 1997), 
increasing the strength and thermal stability of the superhelix (van Klinken, 1991). Smaller 
glycine is usually positioned towards the center of the helix axis, while the larger amino 
acids are placed towards the outside of the structure. This arrangement enables tighter 
coiling of the helix and a more compact and stronger macromolecule (Gelse et al., 2003). The 
collagen biopolymer is a water-insoluble, resilient, folded structure that is resistant to 
chemical decay (Balzer et al., 1997). 
There are approximately 200 other proteins present in bone, though most of them are 
present only in trace amounts (Delmas et al., 1984; Linde et al., 1980, as cited in van Klinken, 
1991). The second most common bone protein, osteocalcin, comprises 1-2 weight % of total 
fresh bone. Osteocalcin bonds with both the bone mineral fraction and bone collagen, but it 
seems to be unstable in solutions. Due to its small molecular size and strong mineral 
stabilization, osteocalcin can survive up to 50.000 years (C.I. Smith et al., 2005), and it may 
offer an alternative to the use of collagen in paleoenvironmental stable isotope research. 
However, osteocalcin’s role and importance in this field of study has yet to be defined 
(Collins et al., 2002). 
3. Preservation of bone collagen  
The value of bone collagen as an indicator of past ecological and environmental conditions 
depends on its durability, a quality that directly results from being embedded in resistant 
inorganic biominerals that protect it from physical, chemical, and microbiological attack 
(Ambrose & DeNiro, 1989; Collins et al., 2002; Tuross et al., 1988). While preservation varies 
dramatically with sedimentary conditions and is favored by cold (<0°C), dry, and anoxic 
conditions (i.e., those that preclude biodegrading microorganisms), bone collagen is the 
longest lasting organic component of animal remains even in microbially active depositional 
environments such as soils (Child, 1995). Moreover, collagen is water-insoluble, abundant 
(in contrast to DNA material), homogenous (highly repetitive amino acid chains), and easy 
to extract from bone (Collins et al., 1995; Hedges & Law, 1989). The enhanced preservation 
potential of bone collagen stands in contrast to the relatively unprotected proteinaceous 
keratin (the dominant protein in feathers and skin) and other biopolymers like chitin and 
cellulose, which made collagen widely utilized in archaeological research (Collins et al., 
2002; Lee-Thorp, 2008). However, the preservation of bone collagen is variable, and 
several methods have been developed to test bone integrity (Balzer et al., 1997). The 
preservation of collagen in bone depends on environmental and burial conditions, degree 
of decomposition, contact with soil or ground water, and the extent of leaching and other 
diagenetic factors (Balzer et al., 1997). 
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The physical and chemical post mortem alteration of bone is called diagenesis. Collins et al. 
(2002) recognize three pathways in bone degradation, namely organic-chemical 
deterioration of collagen, bone mineral breakdown, and microbial (biochemical) 
deterioration of collagen. Chemical deterioration of collagen represents a gradual loss of 
collagen matter and an increase in bone porosity due to depolymerization of collagen and 
chemical loss of low-molecular organic compounds. This is a dominant process in bone 
fossilization whereby secondary pores are created in place of lost collagen and a bone 
remnant in this phase is called a “mineral ghost”. Secondary minerals crystallize inside the 
pores replacing the lost collagen fibrils. In the authors’ opinion, this is the slowest and 
therefore the least likely degradation pathway albeit the most influential in fossilization 
processes. Mineral breakdown and microbial biodegradation are faster and thus more likely 
to be ultimately responsible for the long-term loss of bone collagen. Tuross (2002) analyzed a 
set of 30,000-year old bones in an effort to estimate the level of collagen degradation. She 
observed a preferential loss in some of the collagen amino acids and suggested that the 
chemical degradation may play a greater role in collagen loss than was previously believed. 
Bone mineral breakdown proceeds via dissolution in water depending on the hydrology of 
the environment. Bone mineral dissolution will rapidly expose bone collagen and 
subsequently accelerate the chemical and biochemical degradation of bone collagen. While 
chemical collagen breakdown is accelerated by extreme pH and elevated temperatures, the 
biochemical (microbial) decay of collagen most effectively occurs at circum-neutral pH. The 
latter is a dominant diagenetic pathway because it occurs rapidly after death of an animal 
(Bell et al., 1996) due to the abundance of microorganisms in the environment, and lack of 
physiological fluids that inhibit tissue deterioration normally found within a body during 
life. Also, unlike organic-chemical collagen decay that occurs evenly throughout the bone, 
microbial attack focuses on isolated areas of the bone where microbes have access to 
collagen (Collins et al., 2002). 
The rate of bone collagen turnover in living organisms includes terms for synthesis and 
catalysis, but the effective turnover rate is poorly constrained due to the difficulty of 
conducting the necessary in vivo experiments (Babraj et al., 2005). The reported estimates 
range from less than a year (Hobson & Clark, 1992) to 10 years (van Klinken, 1991) or over 
(Hedges et al., 2007). According to Waterlow (2006), the collagen turnover rate varies within 
the bone. The immature bone collagen (procollagen) is degraded within hours, while the 
mature collagen shows almost no turnover. The average rate for all bone collagen then 
depends on the ratio of the mature and immature collagen fractions, which are in turn 
dependent on life stage and level of stress (Waterlow, 2006). 
4. Stable isotopes 
The ratios of heavy to light stable isotopes of hydrogen 2H/1H (or D/H), carbon 13C/12C, 
nitrogen 15N/14N, oxygen 18O/16O, and sulfur 34S/32S show distinctive patterns of 
distribution in the living world that can be used to interpret respective data from fossil 
samples. Stable isotope ratios in modern organisms are determined by (i) water, air and 
food intake, (ii) metabolic isotopic fractionations occurring inside the body, and (iii) 
evapotranspirative and excretionary loss of material. Stable isotope ratios are typically 
expressed as δ (delta) values: 
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where R is the isotope abundance ratio for sample (Runknown) or standard (Rstandard) (Coplen, 
2011). Stable isotope scales use δ units and are defined by internationally recognized anchor 
points: Vienna-Pee Dee Belemnite (VPDB) for 13C, air nitrogen for 15N, Vienna Standard 
Mean Ocean Water (VSMOW) for 18O and 2H (e.g., Coplen, 1996). Delta values are expressed 
in ‰ (permil). A sample with a δD value of 20‰ is enriched in D (deuterium) by 20‰ 
relative to the VSMOW water standard. δD = -10‰ indicates a D-depletion of 10‰ relative 
to VSMOW. 
4.1 Isotopic fractionation 
Mass differences between the nuclei of pairs of stable isotopes of an element result in 
isotopic fractionations during physical transitions, transport processes, and chemical 
reactions that are typically expressed in terms of slight preferences for either the lighter or 
the heavier isotope of an element. As a result, natural systems offer a rich spectrum of 
systematic natural abundances of stable isotopes (Faure & Mensing, 2004). Isotopic 
fractionation along physical and (bio)chemical processes can be controlled kinetically or be 
based on equilibrium conditions. Biochemical syntheses of lipids, carbohydrates, proteins, 
etc. rely on different low-molecular organic source compounds (‘building blocks’), enzymes, 
and reaction pathways. Different biochemical heritage is reflected in contrasting isotopic 
compositions. For examples, organic hydrogen in lipids tends to be systematically depleted 
in deuterium relative to organic hydrogen in other compound classes (Sessions et al., 1999). 
Moreover, various types of biological tissues are influenced or even dominated by certain 
biochemical compound classes that result in distinct isotopic characteristics of entire tissue 
types. Some tissue types or compound classes within tissues can exhibit enhanced turnover 
rates, for example lipid reserves during times of reduced food availability. Half of the 
organic carbon in quail muscle and bone collagen was turned over within 12.4 and 173.3 
days, respectively, indicating that bone collagen holds a relatively long-term biochemical 
signal (Hobson & Clark, 1992). 
4.2 Carbon isotopes 
The main source of carbon for terrestrial autotrophic life is atmospheric carbon dioxide CO2, 
whereas marine autotrophs typically rely on dissolved CO2 and bicarbonate ions (HCO3-). On 
average these two global environments with contrasting inorganic carbon pools express δ13C 
values of -7.5 and +1.5‰, respectively. The isotopic difference permeates from primary 
producers to higher levels of food chains, although the effect is often obfuscated by additional 
carbon isotope fractionation mechanisms superimposing stronger isotopic variations (Hayes, 
2001; Lee-Thorp et al., 1989; van Klinken, 1991). The uptake of inorganic carbon by autotrophs 
discriminates more or less strongly against 13C depending on the biochemical mode of 
photosynthesis. Most plants utilize the Calvin (C3) cycle and consequently express δ13C values 
around -26‰. A smaller group of plants employs the C4 pathway, whereby CO2 molecules are 
first fixed in a more enclosed system to reduce evapotranspiration of water. C4 plants 
discriminate less against 13C and have average δ13C values of -12‰ (B.N. Smith & Epstein, 
1971). The carbon stable isotope ratio in heterotrophs is therefore an important dietary 
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indicator discriminating between corn-based C4 diets and rice and wheat-based C3 diets 
(Tieszen et al., 1983). Marine algae utilize the Calvin cycle and, due to the relative 13C-
enrichment of dissolved CO2 and bicarbonate ions in seawater, typically express less negative 
δ13C values (Fry et al., 1982). Additional fractionations occur between and within each food 
chain member. Consequently, from primary producers, to herbivores, to carnivores, to 
decomposers, each successive trophic level experiences approximately 1‰ 13C depletion 
(Ambrose & DeNiro, 1986; Schoeninger et al., 1985; Schoeninger & DeNiro, 1984). 
4.3 Nitrogen isotopes 
Nitrogen is incorporated into biomolecules either through direct nitrogen fixation from air 
(e.g., in legumes in symbiosis with nitrogen-fixing bacteria), from ammonium or nitrate in 
soil water, or from recycled organic nitrogen from soil (Lee-Thorp, 2008; Yakir & DeNiro, 
1990). There is negligible isotope fractionation during nitrogen fixation from air (Delwiche & 
Steyn, 1970). Small isotope fractionations during uptake of ammonia and nitrate by 
autotrophs are typically dwarfed by larger isotopic variance among natural and industrial 
sources of ammonium and nitrate (e.g., fertilizers). Similar to carbon isotopes, the nitrogen 
stable isotope ratio 15N/14N in biomass increases with trophic level. The preferential 
retention of 15N-enriched organic nitrogen in biomass is isotopically balanced by the 
excretion of 15N-depleted waste, e.g. urea. An increase in δ15N of 2 to 6‰ per trophic level 
has been recorded both in terrestrial and marine food webs (DeNiro & Epstein, 1981; 
Minagawa & Wada, 1984; Rau, 1982). Nitrogen stable isotope ratios in soils, plants and 
animals are also indirectly related to precipitation and atmospheric relative humidity (Pate 
& Janson, 2007). The highest plant δ15N values are found in arid environments, and the 
lowest ones at high elevations and in more humid forests (Ambrose, 1991; Handley et al., 
1999; Heaton, 1987). 
4.4 Applications of carbon and nitrogen isotopes 
Bone collagen has been used extensively in an archaeological context for paleodietary and 
paleoenvironmental reconstructions based on carbon and nitrogen stable isotope ratios (e.g., 
Ambrose, 1991; Ambrose & DeNiro, 1989; Chisholm et al., 1982; DeNiro & Epstein, 1978, 
1981; Huelsemann et al., 2009; Petzke & Lemke, 2009; Walker & DeNiro, 1986; Walter & 
Leslie, 2009). The reliability of archaeologically recovered bone collagen for stable isotope 
analyses should be established by testing for contamination by allochtonous (i.e. foreign) 
compounds that may be adsorbed or covalently linked to collagen, and by evaluating 
collagen degradation with chemical methods. Collagen extraction should utilize 
standardized procedures to ensure comparability of results. Deteriorated collagen becomes 
increasingly soluble (gelatinous). Degradation has been evaluated by quantifying the loss of 
nitrogen from bone. More than 95% of nitrogen in fresh bone is organic nitrogen in collagen 
(Collins et al., 2002). 
5. Physiological origin of isotopic signals in collagen 
Amino acid synthesis in heterotrophs primarily relies on dietary protein rather than on 
lipids or carbohydrates (Schwarcz, 2000), and thus the isotopic composition of the 
resulting new collagen is related more to dietary protein rather than to bulk diet. Trophic 
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recycling of dietary biomass into new live biomass is always partial and thus subject to 
isotope fractionation. Newly generated amino acids in heterotrophs are enriched in 13C 
and 15N relative to bulk diet (Howland et al., 2003). More specifically, glycine is enriched 
in 13C and 15N relative to bulk diet and was found to be directly integrated from food to 
bone collagen (Hare et al., 1991). Glycine constitutes about 1/3 of all amino acids in 
collagen and therefore strongly influences 13C and 15N- abundances in bone collagen. 
Carnivores rely on a protein-rich diet and produce new biomass primarily from dietary 
amino acids, although the enzymes required for de novo amino acid synthesis are present 
(Gannes et al., 1998). Bone collagen, muscle (meat) and apatite were analyzed for a set of 
modern southern African herbivores and carnivores (Lee-Thorp et al., 1989). The isotopic 
analyses showed 13C enrichment in bone collagen, apatite and muscle, and 13C depletion 
in lipids. Difference in δ13C values between herbivores and carnivores indicates a trophic 
effect, which for carbon in bone collagen is 2.5-3‰ (Fig. 2). 
 
Fig. 2. Foodweb model for southern African herbivores and carnivores representing δ13C 
enrichment/depletion from the baseline (X) δ13C value for vegetation (adapted from Lee-
Thorp, 1989). 
Balzer et al. (1997) experimentally degraded modern bone collagen in laboratory conditions 
by inoculating bone with soil bacteria. Microbial biodegradation over 8 to 18 months caused 
isotopic shifts in δ13C and δ15N values by -2.9 and +5.8‰, respectively, due to altered amino 
acid profiles and fractionation during peptide bond cleavage (Balzer et al., 1997). The 
isotopic composition of bulk collagen is the weighted average of the isotopic values of 
individual participating amino acids that collectively span much wider isotopic ranges and 
contain far more detailed isotopic information than bulk stable isotope ratios. The high 
concentration of glycine in collagen together with glycine’s systematic 13C-enrichment 
relative to proline, hydroxyproline and glutamic acid even translates into a relative 13C–
enrichment of bulk collagen relative to the entire body (van Klinken, 1991). Decomposition 
and diagenesis of bone collagen following burial, during exposure to forest fire, or via 
cooking and roasting by humans may in extreme cases affect bone collagen carbon and 
nitrogen isotopic values (DeNiro et al., 1985). Similar limitations will need to be considered 
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when measuring hydrogen isotopes in collagen for archaeological and forensic purposes 
using fossil or otherwise aged materials.  
6. Hydrogen stable isotopes in bone collagen 
6.1 D/H ratios in environmental water relate to D/H of organic matter  
The ratio of hydrogen’s two stable isotopes deuterium (2H, traditionally abbreviated as D) 
and protium (1H, here abbreviated as H) in precipitation or meteoric water shows 
geographic directional and altitudinal trends. Meteoric water is generally the “heaviest” (i.e. 
D-enriched) in equatorial regions close to warm oceans that are recharging atmospheric 
moisture. As air masses travel towards higher latitudes and/or gain altitude, successive loss 
of water during precipitation depletes the remaining atmospheric moisture in deuterium 
and results in progressively “lighter” (i.e. D-depleted) rain and snow (e.g., Bowen et al., 
2005; van der Veer et al., 2009; Fig. 3).  
 
Fig. 3. Map of North America showing a general North-Northwest spatial trend in 
precipitation stable hydrogen values across the continent. 
Hydrogen from water is the direct source of almost all organic hydrogen in tissues of 
autotrophs, which therefore carry the isotopic signal of environmental water, with the 
caveat that physical and biochemical isotope fractionations further modulate D/H ratios 
of individual biochemicals throughout the reaction chains of biosynthesis (e.g., Hayes, 
2001). The cellulose and lipids of autotrophs (e.g., preserved in tree rings and as 
biomarkers in sediments) are valuable substrates in paleoclimatology for 
paleoenvironmental reconstruction because their organic hydrogen can be isotopically 
traced directly to environmental water. Heterotrophic use of autotrophic biomass and 
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passage of organic hydrogen along the food chain progressively introduces metabolic 
isotope fractionations, mixing of isotopically different organic hydrogen pools, and also 
offers opportunities for drinking water to isotopically affect newly biosynthesized faunal 
biomass. Although not all contributing factors can be deconvoluted, experience has 
shown that careful empirical examination of the hydrogen stable isotopic signal in animal 
tissues can provide a sound basis for characterizing and constraining the life history and 
geographic origin of heterotrophs (Hobson et al., 1999; Meehan et al., 2001). In large 
heterotrophic animals, such as many vertebrates, the complexity of δDorganic signals is 
enhanced because (i) animals can migrate, (ii) animals can change their diet during their 
life history, and (ii) different species may occupy different levels of an ecosystem’s food 
chain (e.g., Bowen et al., 2009; Farmer et al., 2008; Solomon et al., 2009). The δDorganic 
values of a compound or compound class within an individual animal may vary among 
different tissues according to when those tissues were biosynthesized. Seasonal, 
geographic, and other variables during the lifetime of an animal may thus leave an 
isotopic record (Tuross et al., 2008). For example, the collagen of tooth dentine in sheep 
and goats records seasonal isotopic changes in precipitation, temperature, and diet 
because dentine is deposited incrementally throughout the animal’s life. δDdentine values 
from successive growth layers in teeth, when paired with tooth mineral-based δ18O values 
from the same layers, can resolve seasonal climatic changes in temperature and humidity 
(Kirsanow et al., 2008). Outstanding ecological insight has been gained from δDkeratin 
values in feathers from migrating and non-migrating birds in terms of migration patterns 
(e.g., Chamberlain et al., 1997; Hobson, 1999) and bird habitats (e.g., Hobson et al., 2003). 
Similar to collagen, keratin also is a proteinaceous biopolymer, but with prominent cross-
linking by sulfur bridges to increase rigidity. 
In contrast to lipids where almost all organic hydrogen is chemically strongly bound 
directly to carbon atoms, the analytical access to precise hydrogen stable isotope ratios in 
collagen has been made difficult by the fact that some organic hydrogen atoms are weakly 
bonded and can rapidly exchange when in contact with hydrogen from body and 
environmental water. As a consequence, the pool of isotopically exchangeable organic 
hydrogen is unable to preserve a memory of biosynthesis. Exchangeable hydrogen is also 
called “labile hydrogen” and is primarily located in functional groups like -OH, -COOH, -
NH2, and some specific carbon-linked positions (Schimmelmann et al., 2006). On average 
20% of total organic hydrogen in collagen is exchangeable (Cormie et al., 1994b). Collagens 
and other biopolymers also contain some potentially exchangeable hydrogen that is deeply 
embedded in macromolecules’ three-dimensional matrix. Shielding from water and other 
chemical hydrogen donors makes this pool of organic hydrogen essentially non-
exchangeable (Fig. 4). However, solubilization of collagen during sample preparation may 
partially unravel the tertiary polyproteinaceous structure and expose previously shielded 
hydrogen positions to water.  
Exchangeable organic hydrogen can be chemically eliminated from carbohydrates, such as 
cellulose, by esterification of hydroxy groups with nitric acid (i.e. “nitration”). However, 
collagen and other chemically more complex organic compounds and bulk tissue require a 
different approach whereby exchangeable hydrogen is equilibrated, and thus isotopically 
controlled, with water vapors of known isotopic compositions (Sauer et al., 2009; 
Schimmelmann, 1991; Wassenaar & Hobson, 2000). 
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Fig. 4. Helical structure of collagen, typical amino acid sequence within a collagen strand, 
and exchangeable versus non-exchangeable hydrogen atoms in an individual leucine 
molecule (Gly – glycine, Pro - Proline, Leu – leucine, Hyp – hydroxyproline. 
6.2 Hydrogen isotopic relationship between modern bone collagen and precipitation 
The hydrogen stable isotope ratio of precipitation influences the δD values of bulk hydrogen 
in collagen more strongly in some species than in others. Cormie et al. (1994a) reported an 
exceptionally strong linear correlation with R2 = 0.92 between both parameters (in a study of 
62 white tailed and mule deer from 48 locations in North America when the effect of relative 
humidity was taken into account using a correction based on collagen δ15N. Our recent 
preliminary δDn values of non-exchangeable hydrogen in bone collagen from white-tailed 
deer and mule deer from locations across the United States suggest a less straightforward 
relationship, although the data confirm that precipitation is a major factor in determining 
δDn in deer (Fig. 5). 
However, some of our deer individuals from the arid Joshua Tree National Park in California 
indicate unusual D-enrichment. This may derive from evapotranspiration in local plants that 
were part of the diet of the deer and/or in the body fluids of the animals themselves, as is 
expected in extremely dry environments (Cormie et al., 1994c; Bowen et al., 2005). Deer occupy 
an ecological niche that is relatively simple from the perspective of hydrogen, as their diet 
consists of leafy vegetation and their water is obtained from surface waters (lakes and streams) 
that in many cases have δD values closely representing mean annual precipitation. In contrast, 
omnivorous and carnivorous animals consume more diverse diets with more widely varying 
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δD values. Smaller animals and especially those occupying particular niches (e.g., shrews, bats) 
have higher turnover rates of hydrogen in their bodies. They also exploit smaller pools of 
water and sources of food which can have isotopic ratios that differ strongly from mean 
annual precipitation. Accordingly, the hydrogen isotopic relationship of bone collagen and 
environmental water is strongly species-specific. Using samples from freshly killed animals 
collected in the field, isotopic calibration studies pose a technical challenge because body water 
(e.g., from blood) can be collected only after death, but the δD of body water may have varied 
through the animal’s lifespan. 
 
Fig. 5. δDn of non-exchangeable hydrogen from bone collagen: Pilot data from field-
collections of white tail and mule deer collected across the United States. 
6.3 D/H comparison between modern and fossil bone collagen 
The hydrogen isotope ratio of geochemically preserved and dated fossil bone collagens has 
value for paleoclimatic reconstructions (Cormie et al., 1994c; Hoppe, 2009). However, as 
previously stated for carbon and nitrogen, meaningful hydrogen isotopic analysis of bone 
collagen hinges on the prerequisite that collagen has not suffered any significant diagenetic 
isotopic changes (Balzer et al., 1997; Lee-Thorp, 2008). Leyden et al. (2006) compared 
δDcollagen values from 7 modern and 52 fossil bison bones from Canada with ages of up to 
10,000 years. The problem of exchangeable hydrogen in collagen was addressed by 
equilibration in water vapors (Wassenaar & Hobson, 2000). Leyden et al. (2006) found that 
δDcollagen in modern and fossil bones followed the same geographic gradient as modern 
δDwater in Canadian precipitation. Furthermore, consistency between changes in δDcollagen 
through time and independent evidence for regional Holocene climatic changes 
corroborates the value of δDcollagen as a paleoenvironmental proxy. 
6.4 Effect of trophic level on stable isotope ratios of bone collagen 
δD values of amino acids from autotrophs are directly related to the δDwater in the cellular and 
intercellular water. As food is metabolized, part of its organic hydrogen has an opportunity to 
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exchange isotopically with body water before organic components are incorporated into new 
biomass. Trophically “recycled” amino acids from ingested food do not exchange all of their 
hydrogen. Most of the hydrogen that is bonded covalently to carbon does not readily exchange 
with water as long as the biomolecule is chemically unaltered. Energetic transitions may foster 
limited isotopic exchange, e.g. during post-mortem racemization, but racemization rates are 
sufficiently slow that negligible effects on δD are expected on young bone samples that have 
never experienced elevated temperatures. Most of the carbon-bound hydrogen in collagen is 
essentially “non-exchangeable” over thousands of years at low temperature (Sessions et al., 
2004; Schimmelmann et al., 2006) and is able to maintain an isotopic memory of trophic input. 
Because all animals are heterotrophic with a limited ability to synthesize amino acids, their 
collagen (and therefore the pool of H contained in collagen) represents a varying mixture of 
dietary biomass from lower levels in the food chain and newly synthesized amino acids. This 
upward-cascading flow of organic hydrogen from one trophic level to the next introduces 
successive isotopic patterns that relate to specific ecological and trophic situations. Although 
the resulting isotopic relationships can be complex, the analytically accessible isotope patterns 
can be empirically calibrated with modern faunal analogs and thus be used to constrain 
paleodiet and paleoenviroments. 
This suggests (i) that isotopic patterns of bone collagens of carnivores and herbivores may 
differ systematically and (ii) the hydrogen isotopic composition of drinking water may be 
less important for collagen in carnivores than in herbivores (Pietch et al., 2011). In other 
words, the hydrogen isotopic composition of bone collagen should be sensitive to the 
amount and dietary importance of ingested protein, which should offer analytical 
opportunities to reconstruct aspects of diet and trophic structure. 
Consumption of lower-trophic level biomass by a higher-level heterotrophic organism offers 
an opportunity to isotopically fractionate the pools of atoms that are utilized to build new 
biomass. Enrichment in 13C and 15N with increasing trophic level in bone collagen has been 
documented extensively. Similarly, trophic D-enrichment has been found in chitin (i.e. an 
aminosugar-based biopolymer found in arthropod exoskeletons; Schimmelmann & DeNiro, 
1986). More recently, a systematic increase in δD values of vertebrate bone collagen with 
higher trophic levels has been documented (Birchall et al., 2005; Reynard & Hedges, 2008; 
Topalov et al., 2009). Non-exchangeable hydrogen in collagen from herbivores is generally 
D-depleted relative to environmental water, and the observed range of δDn is smallest. 
Carnivores show the highest and most variable δDn values, whereas omnivores fall into a 
range between herbivores and carnivores (Fig. 6). Exceptions to this trend, such small 
insectivores with occasional large D-enrichment (e.g., bats and shrews) may reflect special 
cases related to small body sizes and/or unusually high metabolic rates.  
The trophic structure of ecosystems has traditionally been explored with nitrogen stable 
isotopes. A correlation between δ15N and δD values of bone collagens from 19 aquatic and 
terrestrial species, including fish, birds and mammals, corroborates the value of collagen δD 
for trophic structural investigations (Birchall et al., 2005). δD values of collagens from both 
terrestrial and marine organisms at similar trophic levels were comparable, whereas the 
trophic signal in marine δ15N values was relatively weak. Collagens from carnivores and 
piscivores were D-enriched by ca. 90‰ relative to herbivores and omnivores. An increase in 
bone collagen δD values by 10 to 30‰ from herbivores to omnivores to humans was observed 
by Reynard & Hedges (2008) (Fig. 7). The authors reduced the isotopic variability among 
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faunal individuals by averaging data from 10 to 15 samples per species. Our recent 
preliminary data corroborate Birchall et al.’s (2005) conclusions by demonstrating a strong 
trophic signal with generally good separation between herbivores, omnivores, and carnivores.  
 
Fig. 6. Deuterium enrichment through a conceptual trophic chain.  
 
Fig. 7. δ15N vs. δD mean values for bone collagens of herbivores and omnivores including 
humans from Great Britain, Hungary, Peru and Canada dating from the Neolithic to the 
mid-15th century AD (adapted from Reynard & Hedges 2008). Error bars indicate one 
standard error of the mean of 10 to 15 samples per species. 
Terrestrial biota is exposed to potentially large seasonal and geographic hydrogen isotopic 
variability in meteoric and environmental waters that complicates the isotopic influence of 
both drinking water and diet. In contrast, the global mixing of open ocean waters results in 
seawaters with a narrow hydrogen isotopic range of only a few permil (Dansgaard, 1964). 
Consequently, the hydrogen isotopic signal of bone collagen from marine animals should 
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predominantly reflect diet and be less sensitive to drinking water (Fetcher, 1939; Ortiz, 
2001). Evaporative D-enrichment of body fluid during respiration may be limited because 
air near the water surface has a relatively high humidity. Marine mammals are predators at 
the top of a long food chain that contains multiple trophic levels of zooplankton, fish, and 
may even include other marine mammals. Our preliminary data from two populations of 
California sea lions from the Channel Islands (California, USA) indicate that the variability 
of collagen δD in adults is comparable to that of terrestrial carnivores from Bloomington, 
Indiana. This suggests that δD variability in populations is based more on individuality of 
animals rather than on environmental variability. Bone collagen δD of California sea lions 
strongly discriminates between D-depleted young pups and relatively D-enriched adult sea 
lions. Nursing sea lion pups (aged < 12 months), δDn values typically range around δD 
=+25‰, while δDn values for adults are substantially higher (δD =+70‰). We interpret this 
to reflect weaning from a D-depleted, lipid-rich milk diet to a prey-based adult diet. 
Our preliminary bone collagen δD values on a wide range of animal species from a small 
region around Bloomington, Indiana, suggest that higher and more variable δD values are 
related to small body size and/or the rapid metabolic rate in some small mammals. For 
example, rapid metabolism and intense respiration likely entails evaporative D-enrichment 
in body water and greater reliance on drinking water with warm-seasonal bias towards less 
negative δD. In addition, seasonal changes in diet should more rapidly affect biomass of 
smaller animals that express rapid turnover of their biomass, including bone collagen. Even 
though small mammals are homeotherm organisms, their larger ratio of surface to body 
mass makes them more susceptible to environmental temperature. Smaller warm-blooded 
animals in cool climates must maintain a high metabolic rate to stay warm. Another 
consequence of a fast metabolism is a short life span. For example, the Eastern short-tailed 
shrew can live up to two years, but approximately 80% of the young will not live to the 
winter. Juvenile bone collagen δD will therefore be in response to summer to fall 
hydrological and ecological conditions rather than influenced by annual average conditions. 
Moreover, juveniles may still partially carry a prenatal and lactation-derived δD signal. 
7. Methods of stable isotope collagen research 
The use of hydrogen isotopes in biomass faces the difficulty that some organic hydrogen 
atoms are weakly bonded in biomolecules, exchange with hydrogen from water, and thus 
may lose their original biogenic isotopic information. Exchangeable hydrogen is also 
called labile hydrogen and occupies chemically functional groups like –OH, -COOH, -
NH2, and some specific carbon-linked positions (Schimmelmann & al., 2006). 
Exchangeable hydrogen can be chemically eliminated from a few organic substances, such 
as cellulose, through the process of ‘nitration’. Most chemically more complex 
biochemicals and bulk tissue require a different approach whereby exchangeable 
hydrogen is equilibrated, and thus isotopically controlled, with waters of known isotopic 
compositions. Such equilibrations were traditionally performed off-line in chambers with 
stationary water vapor (Wassenaar & Hobson, 2000) or in dynamic flow-through 
conditions (Schimmelmann, 1991). A remaining problem was the labor-intensive nature of 
equilibrating organic samples in individual quartz tubes. Here we present a more efficient 
equilibration approach. Simultaneous steam-equilibration of dozens of collagen and/or 
other organic samples in an EA carousel with subsequent on-line continuous-flow D/H 
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measurements via TC/EA is far more efficient than previously available methods. A 
variety of collegen extraction procedures have been developed following a similar general 
outline (e.g., Tuross et al., 1988, DeNiro & Weiner, 1988).  
 
Fig. 8. The overall procedures are separated into (left) preparation of bone collagen and 
(right) determination of stable isotope ratios using isotope ratio mass spectrometry (IRMS). 
Yellow and orange fields indicate two fundamentally different approaches that need to be 
tested for hydrogen isotopic repercussions using collagens with different degrees of 
preservation and diagenetic overprinting. Light blue and dark blue fields indicate key 
elements of dual water vapor (steam) isotopic equilibration of exchangeable hydrogen in 
twin aliquots of every collagen.7.2. Isotopic δDn, δ13C and δ15N characterization of collagen 
7.1 Water vapor isotopic equilibration of exchangeable hydrogen in collagen 
Recently we developed a fast and economical analytical procedure to isotopically equilibrate 
and thus control the isotopic composition of exchangeable hydrogen in bone collagen with 
isotopically known water vapors (Sauer et al., 2009). In brief, our method allows for reduced 
sample sizes of 0.3 to 1mg, depending on the hydrogen content of organic substrates. The 
isotopic uncertainty from exchangeable hydrogen was reduced via equilibration with 
isotopically known water vapors and subsequent mass-balance calculations arriving at the 
δDn of non-exchangeable hydrogen in collagen. The samples in silver capsules are loaded 
into an EA carousel and closed off into an aluminum equilibration chamber (Fig. 9). Samples 
are allowed to equilibrate with steam for at least 6 hours, dried in a flow of dry N2 and 
quickly transferred to the autosampler, followed by immediate flushing of the loaded 
autosampler with helium. 
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Fig. 9. Schematic of water vapor equilibration apparatus featuring carousels that hold up to 
49 samples in crimped silver cups (from Sauer et al., 2009).  
A reductive TC/EA (i.e. thermal conversion elemental analyzer) is used for D/H 
determination. The resulting δD isotopic difference between pairs of equilibrated collagens 
is used to calculate the percentage Hex of exchangeable hydrogen in total hydrogen. All 
collagens are chemically similar and should have comparable Hex values, which serves as 
quality control. In case of collagens prepared in our lab, the hydrogen exchangeability 
averages 22%  2%. Finally, collagen δ13C and δ15N is determined to better constrain the 
ecology and trophic positions of animals. For additional quality control (e.g., Lee-Thorp, 
2008), the atomic C/N ratio of collagens is calculated. 
8. Outlook to future isotopic research on bone collagen 
The recording of environmental conditions by stable isotope ratios in biological substrates is a 
proven concept, but the details are more complex than anticipated by the simplistic expression 
“you are what you eat” (DeNiro & Epstein, 1978) “plus or minus a few permil” (Rundel et al., 
1988). More laboratory-constrained experiments are needed to deconvolute and constrain the 
complex pathways of hydrogen, carbon and nitrogen isotopes in biochemical substrates. 
Analytical methods now exist to add oxygen stable isotopes to the arsenal. There is a great 
need for field-based research of modern non-migrating animal populations that can serve as 
analogs for animals in archaeological and forensic investigations. We need to assess individual 
isotopic variations within populations that are caused by diet, home range size, and migratory 
habits, as well as the causes of isotopic variations within an individual.  
A promising new frontier in collagen stable isotope research is the determination of 
compound-specific isotope ratios of individual amino acids after hydrolysis of the 
biopolymer. The underlying analytical methods have long been established for carbon and 
nitrogen stable isotope ratios. Following hydrolytic depolymerization of collagen in acid, the 
free amino acids must be chromatographically separated via gas or liquid chromatography 
prior to combustion to carbon dioxide and nitrogen that can be measured mass-
spectrometrically to yield δ13C and δ15N values (Chikaraishi et al., 2007). Gas 
chromatography (GC) requires that polar functional groups of free zwitterionic amino acids 
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are first derivatized to yield less polar compounds that can move together with helium 
carrier gas through a capillary GC column. Derivatizing agents typically contain additional 
carbon that adds its isotopic influence to the measured analytes and must be accounted for 
by applying mass-balance corrections. Current analytical efforts seem to have succeeded in 
applying the same principle toward the measurement of compound-specific amino acid 
D/H ratios (e.g., Chikaraishi et al., 2003). 
The stable isotope ratios of bulk collagen represent weighted averages of the stable isotope 
ratios of participating amino acids. Much additional isotopic information can be obtained from 
individual amino acids than from bulk collagen. Amino acids collectively express far larger 
isotopic ranges than bulk collagen. Greatly enhanced trophic information can be gleaned from 
the isotopic differences between essential and non-essential amino acids in collagen from 
heterotrophs, since only essential amino acids express a direct and unambiguous heritage from 
diet. We can expect that many of the shortcomings and ambiguities of stable isotope ratios in 
bulk bone collagen will be mitigated or overcome by novel approaches that yield compound-
specific isotope ratios of individual amino acids from collagen.  
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